Homogeneous catalysts, which are often highly efficient and selective even at low reaction temperatures, have usually been restricted to use in batch processes. On the other hand, heterogeneous catalysts, though well suited for continuous processes, often exhibit low selectivity. Only moderate success has been achieved so far in attempts to exploit the potential advantages of homogeneous catalysts by binding them to polymers in order to make them heterogeneous. Many problems remain to be solved; these include the nonuniform and partly unknown structures of the heterogeneous catalysts thereby obtained, hindered diffusion due to extensive crosslinking of the polymer matrix, low catalytic activity, loss of metal, and self-poisoning of the active centers.
['] Recently, we reported that the Rh"' complex 1 is an effective homogeneous catalyst for regeneration of the enzyme cosubstrates nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH) either with formate as hydride donorf2I or electrochemically. The rhodium catalyst reacts with NAD(P)" much faster than with carbonyl compounds, thereby allowing selective reduction of the cofactors, provided that suitable concentration ratios are chosen.[31 After 100 catalytic cycles involving 1, no formation of 1,6-NADH could be detected enzymatically.
An effective system for in situ regeneration of these expensive cosubstrates in enzymatic reactions is a prerequisite for the use of oxidoreductases as extraordinarily active catalysts in stereospecific organic synthesis. The usual enzymatic regeneration is not ~nproblematic.[~J A system employing formate dehydrogenase (FDH) as regeneration enzyme and formate as hydride donor has been brought to technical perfection.[51 Continuous production of enantiomerically pure amino acids is achieved by retaining the amino acid dehydrogenases, FDH, and polymer-bound high-molecularweight NADH (PEG-NADH)[61 in an enzyme membrane reactor (EMR) behind an ultrafiltration membrane.
In that can be retained by an ultrafiltration membrane, but which does not give rise to the problems associated with a heterogeneous catalyst, since it remains water soluble. The properties of I are therefore largely maintained. We were thus able to replace the FDH in the ultrafiltration flow reactor and generate NADH continuously in a homogeneous catalytic reaction. Because of the improved solubility of the PEG-bound complex, the stationary concentrations of catalyst can be larger than those possible with FDH. In addition, the reaction parameters can be widely varied.
In order to demonstrate that the catalytic properties of the rhodium complex 2,"l with enhanced molecular weight, are maintained in the ultrafiltration flow reactor, the kinetic parameters for the reduction of NADe, NADP", and PEG-NAD@I6] with formate catalyzed by 2 must be determined and compared with the values obtained for the analogous low-molecular-weight complex 3.
[*] The turnover frequencies"] for the reduction of (PEG-)NAD(P)@ are only lowered by a factor of 0.56-0.66 by the increased molecular (MW 20000) weight of the rhodium complex ( increase in molecular weight has no effect, however, on the activation energies of the reactions determined from the Arrhenius equation.
["] The reaction catalyzed by 2 is also zero order in NAD". This can be determined by simple variation of the initial concentration of NAD@.
["] The reaction mechanism may be formulated as follows:
The retention of the catalytic properties of 2, even in the reduction of PEG-NAD", is of great importance, because this allows 2 to be used in a membrane reactor as shown in Figure 1 . NADH generation was used to check the suitability of the polymer-bound high-molecular-weight complex 2 for use in a flow reactor. For this purpose, a novel, pressurestable (to 3 bar) glass flow reactor equipped with an overhead stirrer was employed (Fig. 2) . Unlike the reaction in the EMR, the reaction chamber is situated above the ultrafiltration membrane. This reactor has several basic advantages: Since it is made of glass, the reaction can be followed visual- ly. In addition, the reactor material should have no effect on the reaction. Moreover, the reactor can be employed for a wide variety of purposes; for example, a continuous electrochemical generation of NADH could be easily achieved by introducing electrodes. Reactions involving gaseous species also pose no problems. A schematic drawing of the experimental setup for continuous generation of NADH is shown in Figure 3 .
With the aim of easily isolating the NADH formed, we used an unbuffered ammonium formate/NAD@ substrate solution (pH 5.6) in the initial continuous run. After addition of 2, the conversion of NAD@ rapidly climbs to 70%, whereby 2 affords a turnover frequency of 26.3 h -' (Fig. 4A) . Although the subsequent decrease in conversion can be slowed by a longer residence time (Fig. 4 B) , only after replacement of ammonium formate by sodium formate after 30 h of continuous operation (Fig. 4C) does the conversion increase from 30 to 45%. A stationary state is then reached. The large decrease in conversion in the presence of ammonium formate could be due to the incorporation of NH, into the ligand sphere of the Rh atom. This ligand exchanges more slowly than H,O and Cle with formate. Accordingly, the use of strongly coordinating ligands in the reaction medium should be avoided. In a second experiment with an NAD@/sodium formate substrate solution (4.1 m~/ 0 . 5 M) buffered to pH 8 with phosphate (0.1 M), the conversion increases at 25 "C in the presence of a doubled concentration of achieved. The quantification of NAD@ in the substrate and product solution shows that material balance is maintained over the entire period of the experiment. The cause of the decrease in conversion has not yet been determined. However, loss of complex end groups due to hydrolysis, as well as washing out of 2, can be excluded.
["] The increase in the conversion caused by temporarily doubling the reaction volume in the second experiment shows that an irreversible deactivation of 2 cannot be a reason for the decrease in conversion.
The experiments show that the increased-molecularweight redox catalyst 2 exhibits the same properties as the low-molecular-weight model. In the flow reactor, a continu-ous conversion of 45-50% can be maintained after the stationary state has been reached. The redox catalyst thereby displays a turnover frequency of 16.9 h -I . The entire period of the experiment involved more than 1000 reaction cycles.
The space-time yield IS 44.4 mmol L-' d-I. Taking into consideration the kinetic reaction data, complete conversion can be expected for analogous runs at the stationary state when a 2.2-fold concentration of 2 is employed. This would correspond to a space-time yield of 98.4 mmol L-' d -I . Thus, the rhodium catalyst 2, with enhanced molecular weight, is very well suited for the continuous regeneration of NADH and NADPH, as well as of their polymer-bound high-molecular-weight forms in coupled enzymatic reactions. The procedure described here offers a widely variable alternative for the enzymatic regeneration of NAD(P)H. Received' November 8, 1989 [Z 3626 IE] German version' A n g m . Chem. 102 (1990) 445 CAS Registry numbers: 1. 125568-56-1; 2, 125591-72-2; 3, 125591-71-1; PEG, 25322-68.3: NADO, 53-84-9 ; N A D P O ,~~-~~~~, P E G~N A D~.~~-X~-~; N A D H ,~M W ; NADPH. 53-57-6; NaHCOO, 141-53-7; PEG-2,Z-bipyridyl-5-methyl deriv., 125591-70-0, 5-ethoxymethyl-2.Z-bipyridine, 125568-55-0. 5-brommethyl-2,Z-bipyridine, 98007-15-9.
[lo] The activation energies for the reaction of NADO and (PEG-)NADa (3.8 x M each) in sodium formate (0.5 M) in the presence of 2 and 3. respectively (2.6 x M each) were determined at 17. 3, 25.7, 32.1, and 40.0-C Although the conditions leading to formation of polyselenides are not understood in detail, important factors include reaction conditions such as solvent and temperature in addition to the size, charge, and shape of the counterion. For instance, the tetraselenide 8 is formed from Cs3TaSe4 in acetonitrile in the presence of [Ph,PNPPh,] CI at room temperat~r e , [~] whereas, as we report here, heating of a polyselenide solution in dimethylformamide (DMF) at 100°C in the presence of [Ph,PNPPh,]CI, followed by cooling of the solution, affords the previously unknown bicyclic decaselenide [Ph,PNPPh,] ,Se,, . D M F as black crystals in very good yield.
The crystal structure analysis" showed that, per formula unit, the compound contains one molecule of D M F disordered over two mutually orthogonal positions. The SefF ion is located on a crystallographic twofold axis; its symmetry corresponds to point group C,. The two selenium six-membered rings have chair conformation (Fig. 1) . Compared to the decalin molecule, the decaselenide ion contains four additional valence electrons if a selenium atom is regarded as isolobal to a CH, group. This has several consequences for the central Se-Se unit: The selenium atoms are coordinated in a distorted pseudo-trigonal-bipyramidal fashion, whereby the selenium atoms Se3 und Se3' are linked equatorially. The two lone pairs on these selenium atoms can 
